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Recent measurement of a moderately large value of ^13 signifies an important breakthrough in 
establishing the standard three flavor oscillation picture of neutrinos, ft has opened up exciting 
possibilities for current and future neutrino oscillation experiments. Current experiments are now 
poised to probe the impact of full three flavor effects to discover neutrino mass hierarchy, CP viola- 
tion and octant of O23. However, they can do so only for favorable ranges of parameters at limited 
C.L. Hence, future facilities are mandatory to cover the entire parameter space at unprecedented 
C.L. In their first phase, these experiments will have a very limited reach for CP violation discovery. 
Therefore, for them, the first step would be to focus on hierarchy and octant measurements. In this 
letter, we explore the capabilities of LBNE and LBNO, whose large matter effects will enable them 
to settle these two issues. LBNO has a > lOa hierarchy discovery even for the most unfavorable 
combination of neutrino parameters. The hierarchy reach of LBNE is more limited. In particular, 
if ^23 happens to be in the lower octant, then even a Scr discrimination would not be possible for 
LBNE in its first stage, for the most unfavorable values of Sep- If the current experiments find 
a hint that the parameter combination is unfavorable, then LBNE should increase their exposure. 
Regarding the octant, the first stage of LBNO has a 4a discovery potential and that of LBNE has 
3a. 

PACS numbers: 14.60.Pq,14.60.Lm,13.15.+g 



INTRODUCTION 

The discovery of neutrino mixing and oscillations over 
the past decade provides firm evidence for new physics 
beyond the Standard Model, needed to explain non- 
zero neutrino masses and mixing in the leptonic sec- 
tor. Recently, the unknown 1-3 lepton mixing angle has 
been measured precisely by the reactor experiments [1~ 
3]. They have found a moderately large value, not too far 
from its previous upper bound. This represents a signifi- 
cant milestone towards addressing the remaining funda- 
mental questions, in particular determining the neutrino 
mass hierarchy and searching for CP violation in the neu- 
trino sector. Another recent and crucial development is 
the indication of non-maximal 2-3 mixing by the MINOS 
accelerator experiment [4] , leading to the problem of de- 
termining the correct octant of 923- The resolution of 
the above three issues is possible only by observing the 
impact of three flavor effects in neutrino oscillations. In 
this letter, we explore the capabilities of future super- 
beam experiments towards resolving these unknowns, in 
light of recent measurements. 

Oscillation data are insensitive to the lowest neutrino 
mass. However, it can be measured in tritium beta de- 
cay [5], neutrinoless double beta decay [6] and from the 
contribution of neutrinos to the energy density of the uni- 
verse [7]. Very recent data from the Planck experiment 
have set an upper bound over the sum of all the neutrino 
mass eigenvalues of ^ to^ < 0.23 eV at 95% C.L. [8]. But, 
oscillations experiments are capable of measuring the two 
independent mass-squared differences between the three 



neutrino masses: A 



21 



and A 



31 



The smallness of the ratio a — A21/IA31I and that of the 
1-3 mixing angle ^13, made it possible, so far, to analyze 
the data from each neutrino oscillation experiment using 
an appropriate, effective two flavor oscillation approach. 
This method has been quite successful in measuring the 
solar and atmospheric neutrino parameters. The next 
step must involve probing the full three flavor effects, 
including the sub-leading ones proportional to a. This 
task will be undertaken, for the first time, by the current 
oscillation experiments T2K [9] and NOi^A [10]. 

A21 is required to be positive by the observed energy 
dependence of the electron neutrino survival probability 
in solar neutrinos but A31 is allowed to be either pos- 
itive or negative by the present data. Hence, two pat- 
terns of neutrino masses are possible: TO3 ^ 7712 > rni, 
called normal hierarchy (NH) where A31 is positive and 
TO2 > mi 3> 7TJ3, called inverted hierarchy (IH) where 
A31 is negative. A third possibility, where the three 
masses are nearly degenerate with very tiny differences 
between them, also exists with two sub-cases of A31 be- 
ing positive or negative. Leptonic CP violation (LCPV) 
can be established if CP violating phase Sqp is shown to 
differ from and 180°. It was not possible to observe 
a signal for CP violation in the data so far. Thus, Sqp 
can have any value in the range [—180°, 180°]. Regard- 
ing 023, all the three global fits [11-13] point to a devia- 
tion from maximal mixing (MM) i.e. [0.5 — sin ^23! 7^ 0. 
This raises an additional question, "Whether 6123 lies in 
the lower octant (LO: 6*23 < 45°) or higher octant (HO: 
023 > 45°)?". 



Settling the issue of neutrino mass hierarchy is very 
important in order to determine the structure of neu- 
trino mass matrix which in turn can give crucial piece of 
information towards the theory of neutrino masses and 
mixing [14]. This is also a key ingredient for neutrinoless 
double beta decay searches probing the Majorana nature 
of neutrinos. If A31 < 0, and yet no neutrinoless double 
beta decay is observed even in the very far future experi- 
ments, that would be a strong evidence that neutrinos are 
not Majorana particles [15]. Another fundamental issue 
that needs to be addressed in long baseline experiments is 
to measure 6cp and to assess LCPV. This new source of 
low energy CP violation in neutral lepton sector might be 
helpful to explain the observed matter anti-matter asym- 
metry in the universe via leptogenesis [16]. A number of 
innovative ideas, such as /i -f-)- r symmetry [17], A4 flavor 
symmetry [18], and quark-lepton complementarity [19] 
have been invoked to explain the observed pattern of one 
small and two large mixing angles in the neutrino sec- 
tor. Measurements of the precise values of 6*13 and 623 
will reveal the pattern of deviations from these symme- 
tries and will lead to a better understanding of neutrino 
masses and mixing. In particular, the resolution of ^23 
octant will severely constrain the patterns of symmetry 
breaking. With the recent discovery of moderately large 
value of ^13, these three fundamental measurements fall 
within our reach. 

The combined data from the current experiments T2K 
and NOj^A together can provide a hint at 90% confidence 
level (C.L.) for hierarchy [20] and at 95% C.L. for octant 
[21]. Only for a very small set of favorable values of 
(5cp can they determine these quantities at > 99% C.L. 
Discovery of LCPV is possible only for a small range of 
(5cp where CP violation is maximum. Moreover, it is not 
possible to measure Sep without first determining the 
hierarchy [22]. Hence, the determination of mass hier- 
archy and octant should be considered as the first step 
towards the discovery of leptonic CP violation. Future 
facilities must be developed with the requirements that 
they should have the capability to determine hierarchy 
and octant at 3a level or better for any possible value of 
6cp during the first stage and discover CP violation and 
measure Sep during the second stage. 

A study of Ufj_ — )■ Ve and D^ — >■ Ve oscillations at long 
baseline superbeam experiments is the simplest way to 
probe three flavor effects, including sub-leading ones. 
Such a study is capable of achieving all the three objec- 
tives mentioned above. In this letter, we consider two fu- 
ture long baseline superbeam neutrino experiments, the 
details of which are given in the next section. In these 
experiments, the sensitivity to hierarchy arises due to 
the interference between the standard oscillation ampli- 
tudes and the matter effects arising due to long propa- 
gation in earth's matter [23]. This interference increases 
i^fj. —>■ i^e oscillation probability {P{v^ — >■ t'e)) for NH 
and decreases it for IH. For anti-neutrinos the situa- 



tion is reversed. The dominant term in P{v^ — > v^) is 
driven by matter modified A31 and is proportional to 
sin 2^13 sin ^23 but the sub-dominant term, suppressed 
by a, depends on ^cp- Since the hierarchy and (5cp are 
both unknown, the interplay of these two terms gives 
rise to hierarchy-^cp degeneracy. If the matter effects 
are large enough, this degeneracy can be broken com- 
pletely. This is not the case for the current experiments 
NOz^A and T2K, because of which their sensitivity to hi- 
erarchy is modest for most of the 5cp range. There is a 
similar octant-i5cp degeneracy also, which limits our abil- 
ity to determine the correct octant of 023 ■ This problem 
can be solved by having substantial data in both v and 
V channels [21]. Both the future facilities we consider 
are designed such that the matter effects are substantial 
and they break the hicrarchy-Jcp degeneracy completely. 
And both are scheduled to have equal v and v runs. 

Matter effects are proportional to the neutrino en- 
ergy. Hence we need higher energy beams to generate 
matter effects large enough to break the hierarchy-(5cp 
degeneracy. To be close to the oscillation maximum, 
a larger baseline also has to be chosen. The neutrino 
interaction cross-sections are higher at higher energies, 
so the event rates will be larger. But, at higher ener- 
gies, the neutral current single i:^ background becomes 
severe. This can be suppressed effectively by doing a 
full kinematic reconstruction of all the observed parti- 
cles, which is possible only with exceptionally sensitive 
detectors with good particle identification and calorime- 
try. Liquid argon time projection chambers (LArTPCs) 
have been demonstrated to have these capabilities, which 
are the choice of detector for both the future facilities we 
consider. 



EXPERIMENTAL SPECIFICATIONS 

The long baseline neutrino experiment (LBNE) [24] 
is one of the major components of Fermilab's inten- 
sity frontier program. It will send a new, high inten- 
sity, on-axis neutrino beam towards a 10 kt (in its first 
phase) LArTPC located at Homestake with a baseline 
of 1300 km. This facility is designed for initial operation 
at a proton beam power of 708 kW, with proton energy 
of 120 GeV that will deliver 6 x lO^*' protons on target 
(p.o.t.) in 230 days per calendar year. In our simulation, 
we have used the latest fluxes being considered by the 
collaboration, which have been estimated assuming the 
smaller decay pipe and the lower horn current compared 
to the previous studies [25]. We have assumed five years 
of neutrino run and five years of anti-neutrino run. The 
detector characteristics have been taken from Table 1 of 
[26]. To have the LArTPC cross-sections, we have scaled 
the inclusive charged current (CC) cross sections of water 
by 1.06 (0.94) for the v {v) case [27, 28]. 

The long baseline neutrino oscillation experiment 



(LBNO) [29] plans to use an experimental setup where 
neutrinos produced in a conventional wide-band beam fa- 
cility at CERN would be observed in a proposed 20 kt (in 
its first phase) LArTPC housed at the Pyhasalmi mine 
in Finland, at a distance of 2290 km. The fluxes have 
been computed [30] assuming an exposure of 1.5 x 10^° 
p.o.t. in 200 days per calendar year from the SPS ac- 
celerator at 400 GeV with a beam power of 750 kW. For 
LBNO, we consider five years of neutrino run and five 
years of anti-neutrino run. We assume the same detector 
properties as that of LBNE. 

In the calculations below, we consider three experimen- 
tal set-ups: LBNE, LBNO and a possible LBNO config- 
uration with a detector half the mass (10 kt), which we 
denote as 0.5*LBNO. Scaling down the detector size of 
LBNO by half makes the exposures of these two exper- 
iments very similar. Therefore, considering 0.5*LBNO 
enables us to make a direct comparison between the in- 
herent properties of the two baselines involved. We have 
used GLoBES [31, 32] for doing simulations. 



PHYSICS WITH BI-EVENTS PLOT 

In this section, we discuss the main physics content 
with the help of bi-events plot shown in fig. 1. Here, 
we have plotted the number of Ve appearance events 
vs. the number of i/e appearance events, for LBNE and 
0.5*LBNO for the four possible combinations of hierar- 
chy and octant. Since i5cp is not known, events are gen- 
erated for the full range [—180°, 180°], which leads to the 
ellipses. 

Electron appearance events for 0.5*LBNO and LBNE 
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FIG. 1: Bi-events (v^ and i'e appearance) plots for the four 
octant-hierarchy combinations and all possible Sep values. 
The experiments considered are LBNE and 0.5*LBNO. Here 
sin^ 2613 = 0.089. For LO (HO), sin^ 6*23 = 0.41(0.59). 



[13], Am^jj = 2.4 X lO'^ eV^ i[4], and sin^ 29i3 = 0.089 
[1]. For the lower octant (LO) 016*23, the value sin^ 6*23 = 
0.41 is chosen and for higher octant (HO), it is taken to 
be 0.59 [13]. Note that we have plotted the total number 
of events, whereas the actual analysis will be done based 
on the spectral information. Nevertheless, contours in 
this figure contain very important information regarding 
the physics capabilities of the experiments. This can be 
summarized in the following way: An experiment can de- 
termine both the mass hierarchy and the octant of ^23) if 
every point on a given ellipse is well separated from every 
point on each of the other three ellipses. The larger the 
separation, the better is the confidence with which the 
above parameters can be determined. 

For 0.5*LBNO, the two (LO/HO)-IH eUipses are well 
separated from the two (LO/HO)-NH ellipses, in their 
number of neutrino events. Hence, 0.5*LBNO has ex- 
cellent hierarchy determination capability with just neu- 
trino data. However, only neutrino data alone will not be 
sufficient to determine the octant in case of IH, because 
various points on (LO/HO)-IH ellipses have the same 
number of neutrino events. Likewise, only anti-neutrino 
data cannot determine the octant in case of NH. There- 
fore, balanced neutrino and anti-neutrino data is manda- 
tory to make an effective distinction between (LO/HO)- 
IH ellipses and also between (LO/HO)-NH ellipses. 

For LBNE, neutrino data alone can not determine hi- 
erarchy because various points on LO-NH and HO-IH 
ellipses have the same number of neutrino events. Thus 
anti-neutrino data is needed for the determination of hi- 
erarchy also. Even with anti-neutrino data, hierarchy de- 
termination can be difficult to achieve, if nature chooses 
LO and one of the two worst case combinations of hier- 
archy and Sep which are (NH, 90°) or (IH, -90°). In 
such a situation, the neutrino and anti-neutrino events 
are rather close to each other and it will be very diffi- 
cult for LBNE to reject the wrong combination. Thus, 
the hierarchy determination at LBNE will suffer for these 
two worst case scenarios. Regarding octant determina- 
tion, the capability of LBNE is very similar to that of 
0.5*LBNO because the separation between the ellipses, 
belonging to LO and HO are very similar for the two 
experiments. 



RESULTS 

Measurement of mass hierarchy and octant should be 
considered as a prerequisite for the discovery of Icptonic 
CP violation. In their first phases, both LBNE and 
LBNO will have very minimal CP violation reach: only 
for 10-20% of the entire range, at 3a C.L. In this section. 



In calculating the event rates, the following input pa- 



rameters are used: Ao 



7.5 X 10"^ eV^ 



0.3 



^ The relation between A31 and Ain^rj. is taken from [33] 
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we show the discovery reaches that these experiments will 
have (in their first phases) for hierarchy and octant . 



Hierarchy discovery 

We first focus on the discovery potential of future fa- 
cilities to exclude the wrong hierarchy. We consider two 
true values of sin^^as: 0.41 (LO) and 0.5 (MM). The 
hierarchy reach would suffer the most for LO, hence we 
show the results for this conservative choice. ^ This gives 
us four true combinations of 023-hierarchy: LO-NH, LO- 
IH, MM-NH and MM-IH. Ax^ is calculated for each of 
these four combinations, assuming the opposite hierarchy 
to be the test hierarchy. In the fit, we marginalize over 
test sin 023 in its 3(j range, A31 and sin 2^13 in their 
2(7 ranges. We considered 5% uncertainty in the matter 
density, p. Priors were added for p [a — 5%), sin^ 2^13 
{(J — 5%)^ and A31 {a — 4%). Ax^ is also marginal- 
ized over the uncorrelated systematic uncertainties (5% 
on signal and 5% on background) in the set-ups, so as to 
obtain a AxE,j„ for every (5cp(true). 



Hierarchy Discovery 
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FIG. 2: Mass hierarchy discovery as a function of true 5cp 
for LBNO, 0.5*LBNO and LBNE. Results are shown for the 
four possible true 023-hierarchy combinations. For LO (MM), 
sin^ 6^23 (true) = 0.41 (0.5). Here sin^ 26*13 (true) = 0.089. 



Fig. 2 shows the discovery reach for hierarchy as a 
function of (5cp(true). We see that even 0.5*LBNO has 
^ lOcr hierarchy discovery potential and for all values of 
(5cp(true) for all four 023-hierarchy combinations. The 
potential of LBNO, of course, is even better. The LBNO 
baseline is close to bimagic which gives it a particular 
advantage [34, 35]. LBNO has a particular advantage 



^ If HO is true, then the discovery reaches of these experiments 
will be better than that for the case of MM; discussed later. 

^ A precision of 5% on sin^ 2613 is expected after the full run of 
Daya Bay. 



in hierarchy determination For LBNE, a 5cr discovery of 
hierarchy is possible for only '-^ 50% of the (5cp (true) , ir- 
respective of the true 023-hierarchy combination. For the 
unfavorable combinations, i.e. NH with (5cp in the up- 
per half plane or IH with ^cp in the lower half plane, the 
hierarchy discovery potential of LBNE suffers. In par- 
ticular, for LO and the worst case combinations, LBNE 
will not be able to provide even a Sa hierarchy discrimi- 
nation. Therefore, LBNE must increase their statistics, 
if NOj^A data indicate that the unfavorable combinations 
are true. The discovery potential for all three set-ups will 
be better if ^23 happens to lie in HO. But, we checked 
that, even in such a case, a 5(t discovery is not possible 
with LBNE for ^ 30% of the upper half plane of (5cp for 
HO-NH true and ^ 70% of the lower half plane of Sq^ 
for HO-IH true. 



Octant discovery 

We next consider the discovery reach of the same set- 
ups for excluding the wrong octant. We consider the true 
values of sin^ 6*23 = 0.41(LO) and sin^ 6*23 = 0.59(HO), so 
that we have the following four true combinations of oc- 
tant and hierarchy: LO-NH, LO-IH, HO-NH and HO-IH. 
Ax^ is calculated for each of these four combinations, as- 
suming test sin^ 6*23 values from the other octant. For LO 
(HO) true, we consider the test sin^ ^23 range from 0.5 
to 0.67 (0.34 to 0.5). Rest of the marginalization pro- 
cedure (over oscillation parameters as well as systematic 
uncertainties) is the same as that in the case of hierar- 
chy exclusion except with another difference: the final 
Ax^ is marginalized over both the hierarchies as the test 
hierarchy, to obtain Ax^ 



/2. . 



Octant Discovery 
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FIG. 3: Octant resolving capability as a function of true Sep 
for LBNO, 0.5*LBNO and LBNE. Results are shown for the 
four possible true octant-hierarchy combinations. For LO 
(HO), sin^ 6*23 (true) = 0.41 (0.59). Here sin^ 26I13 (true) = 
0.089. 

Fig. 2 shows the discovery reach for octant as a func- 



tion of i5cp(true). It can be seen that for (LO/HO)-IH 
true, the sensitivities of LBNE and 0.5*LBNO are quite 
similar whereas they are somewhat better for 0.5*LBNO 
if (LO/HO)-NH are the true combinations. For LO- 
(NH/IH), both LBNE and 0.5*LBNO have more than 
3a discovery of octant while for HO-(NH/IH), the Ax^j^ 
varies from ^ 6 to ^ 11. However, with full LBNO, we 
have more than 3.5cr discovery of octant for all octant- 
hierarchy combinations. A 5(j discovery of octant is pos- 
sible only for LO-NH true for (5cp(true) e (- 20°,- 
150°). 



CONCLUSIONS 

With the recent determination of 613 , a clear and com- 
prehensive picture of the three flavor leptonic mixing ma- 
trix has been established. This impressive result has cru- 
cial consequences for future theoretical and experimental 
efforts. It has opened up the possibility to probe the 
sub-dominant three flavor effects in both current and fu- 
ture long baseline precision oscillation facilities. Recent 
MINOS data hints at a deviation from maximal 2-3 mix- 
ing, causing the octant ambiguity of 023- In this letter, 
we explore the physics reach of two future superbeam 
facilities, LBNE and LBNO, to settle the issues of neu- 
trino mass hierarchy, leptonic CP violation and octant 
of 023- Discovery of CP violation and measurement of 
its phase 6cp at a significant C.L. has to be preceded by 
a clean measurement of hierarchy and octant. In their 
first phase, these experiments are better suited for mea- 
suring hierarchy and octant compared to CP violation. 
We find that even a 50% scaled down version of LBNO 
has a — lOcr hierarchy discovery potential for all octant- 
hierarchy combinations and for any ^cp value. However, 
LBNE suffers in this regard and will not provide a 5ct 
result for about 50% of the 6cp range. Moreover, it fails 
to provide even a 3(t hierarchy discovery for LO and the 
worst case combinations. For octant, both the set-ups 
have reasonable sensitivities; about Aa for LBNO and 3a 
for LBNE. If the data from NOi^A indicates an unfavor- 
able hierarchy-(5cp combination, then LBNE must plan 
to increase their exposure in the first phase itself so as to 
have a hierarchy measurement at a high C.L. 
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